Rationale: Little is known about human club cells, dome-shaped cells with dense cytoplasmic granules and microvilli that represent the major secretory cells of the human small airways (at least sixthgeneration bronchi).
The human small airway epithelium (SAE) is comprised of basal, ciliated, mucinsecreting (goblet cells), and club cells (1) (2) (3) (4) . The club cells are the major secretory cell type, representing approximately 20% of the human SAE (5, 6) . Club cells have a characteristic apical dome shape, microvilli, dense cytoplasmic granules, extensive smooth endoplasmic reticulum and mitochondria, and uniquely express SCGB1A1 (secretoglobin family 1A member 1; also called CC10 [club cell 10-kDa protein], CC16, or uteroglobin [3, 7, 8] ), a member of the secretoglobin family with antiinflammatory properties (9) (10) (11) (12) . In the murine lung, SCGB1A1
1 club cells function in host defense, barrier maintenance, metabolism of xenobiotics, and as the progenitor of ciliated and other secretory cells (13) (14) (15) (16) (17) (18) (19) (20) . In humans, other than a proposed role in host defense (see Table E1 in the online supplement), little is known about the biology of the club cell and its ontogeny.
Taking advantage of SCGB1A1 as a unique marker for club cells and KRT5 (keratin 5) as a unique marker for airway basal cells (BC) (4, 7, (21) (22) (23) , and our ability to sample the SAE of the normal human lung by bronchoscopy and brushing (24, 25) , we have used single-cell transcriptome analysis to characterize the ontogeny and biology of human SAE club cells. The data demonstrate that in humans, the SAE club cell is derived, at a minimum, from KRT5 1 BC. Importantly, the single-cell analysis uncovered a markedly expanded role for the human club cell in host defense, including immune function, expression of antibacterial proteins, metabolism of xenobiotics, antiprotease defense, and physical barrier functions. The data suggest a potential role for human club cells in most lung hereditary disorders, and in infectious lung diseases, via expression of receptors for known human lung pathogens.
Methods
The SAE (10th-to 12th-generation bifurcation) was obtained by bronchoscopy from three healthy nonsmokers (25) . Singlecell capture and RNA sequencing was performed using the Fluidigm system. Two types of analyses were performed: unsupervised analysis to assess cell populations in human SAE, and semiunsupervised, multivariate analysis to gain insight into the ontogeny of the human club cell; and supervised analysis to assess the biology of the human club cell. The supervised analysis took advantage of SCGB1A1 as a unique marker for club cells, KRT5 for BC, DNAI1 (dynein axonemal intermediate chain 1) for ciliated cells, and MUC5AC for mucin-secreting cells (5, 7, 22, 23, 26) . Categories of genes were determined using a variety of databases and the literature. Airway epithelial BC air-liquid interface (ALI) culture was performed using primary purified BC. TaqMan and morphologic studies (transmission electron microscopy [TEM] , immunohistochemistry) were done using conventional methods. See the METHODS in the online supplement for details. 
Results

Club
and brushing, SCGB1A1
1 club cells were easily sampled ( Figures 1C and E1D-E1F ). TEM analysis of the brushed cells included cells with classic club cell features, such as 0.3-to 1.0-mm dense granules and smooth endoplasmic reticulum in the apical cytoplasm, and 1:1 to 2:1 cytoplasmic to nuclear ratio ( Figures 1E and 1F ).
Single-cell sequencing was used to assess the transcriptome of SAE cells brushed from three healthy individuals. After quality filtering, 157 samples, each representing a single cell, were selected for analysis (Figure 2 ORIGINAL ARTICLE component analysis. The unsupervised clustering identified four different cell populations with signature genes ( Figure 2 and Table E2 ). Clusters 1, 3, and 4 highly expressed KRT5 (BC), SCGB1A1 (club), and DNAI1 (ciliated), respectively (Figures  2B-2D and Table E2 ). Immunofluorescence staining using the cluster 3 (club cells) signature genes (Table E2 ) MUC5B ( Figure  E2A ), MUC1 ( Figure E2B ), and PIGR ( Figure E2C ) showed that each colocalized with SCGB1A1 in the normal SAE. The cluster 1 (BC) signature gene KRT15 colocalized with KRT5 ( Figure E2E ). Cluster 2 cells representing nonepithelial cells expressing CCL5 (C-C motif chemokine ligand 5), CD3G (CD3g molecule), and CCR5 (C-C motif chemokine receptor 5) were associated with fibroblasts, macrophages, and T cells, respectively (Table E2 ) (27) (28) (29) .
From the principal component analysis, cluster 4 (ciliated cells) was clearly separated from the other clusters, whereas cluster 3 (club cells) and cluster 1 (BC) seemed to be closely connected ( Figures  2A-2C) . A subset population in cluster 3 (club cells) expressed the BC marker KRT5 ( Figures 2B-2D) , and a subset of cluster 1 (BC) cells expressed the club cell marker SCGB1A1 ( Figures 2C and 2D ), that is, there seemed to be a close relationship between BC and club cells. Consistent with this concept, assessment of the SAE in normal lung showed separate KRT5 1 and SCGB1A1 1 cells, but also cells expressing both KRT5 and SCGB1A1 ( Figure 3A) . Likewise, analysis of the cells brushed from the SAE revealed a subgroup of cells expressing both the BC marker KRT5 and the club cell marker SCGB1A1, consistent with the concept that there is a population of intermediate KRT5
1 SCGB1A1 1 cells ( Figure 3B ). The KRT5 1 only cells were small and flat and had a small cytoplasm/nucleus ratio, whereas the KRT5 1
SCGB1A1
1 dual-positive cells had a spindle shape and a larger cytoplasm/nucleus ratio. Quantification of the proportions of the KRT5 
1 ( Figure 3C ). Of note, the three nonsmoker samples used in single-cell RNA sequencing were involved in the KRT5 Figure 4C , black arrows) with the singlecell gradient value determined by its position along this expression gradient. These expression gradients (Figures 4A and 4B, arrows) were parallel but had opposite directions, suggesting a continuous spectrum of cell types with BC at one extreme and club cells at the other. This suggests that either the BC is the precursor of the club cell or vice versa. However, it was not possible to determine the directionality of these cell type transitions from the transcriptome data alone. Most of the signature genes in clusters 1 and 3 were significantly correlated with the principal component gradient, including SCGB1A1 and KRT5 ( Figures 4D and 4E ). A total of 188 genes were significantly positively correlated, and 192 genes had a significant negative correlation (Table E3 ). Of these, 33 positively correlated genes had significantly increased expression in club cells and 16 negatively correlated genes had significantly increased expression in BC (Table E3) .
Based on the single-cell transcriptome analysis, the in vivo immunohistochemistry data, and the knowledge that BC are the progenitor cells of human airway ciliated and mucus-producing cells (22, 23, 30) , we hypothesized that BC in human SAE are the stem/progenitor cells of club cells. To prove this, highly purified human small airway BC (99.0 6 1.1% KRT5 
2 ) (Figures E3 and E4) were used to initiate ALI cultures to assess the ability of human small airway BC to differentiate into club cells. mRNA levels of the BC marker KRT5 mRNA dramatically decreased during BC differentiation on the ALI ( Figure 5A ). In contrast, mRNA levels of SCGB1A1 increased significantly as the BC differentiated ( Figure 5B) Figure E6A ), whereas most of the MUC5AC 1 mucin-secreting goblet cells were SCGB1A1 1 ( Figure E6B ). To further study the transcriptome and biology of club cells, a supervised analysis was conducted based on the known markers of different cell types in SAE (SCGB1A1 for club cells, KRT5 for BC, MUC5AC for mucin-producing cells, DNAI1 for ciliated cells) ( Figure 6 ). The bias toward club and BC was caused by the use of a mechanical filter (10-17 mm) to select the cells for analysis.
Prior knowledge regarding the biology of human SAE club cells is based on assessment of human lung sections using morphologic techniques to assess candidate genes (Table E1 ). The single-cell transcriptome analysis markedly increased the knowledge of club cell biology, including an interesting assortment of genes coding for transcription factors, receptors, transporters, secreted proteins, intracellular antioxidants, ion channels, and structural elements (Tables E4 and E5 ). Other than SCGB1A1, highly expressed club cell genes included SLPI (a potent antiserine protease inhibitor), PIGR (suggesting a role for club cells in IgA transport), many mitochondria-encoded genes (suggesting high metabolic activity), and many ribosomal genes. Interestingly, of the 12 genes previously reported to be expressed by human club cells, single-cell analysis confirmed the identity of only six (Table E1) ; it is unclear whether this relates to the sensitivity and/or specificity of the single-cell transcriptome methodology, or lack of cell specificity in prior studies.
Single-cell transcriptome analysis of genes expressed by club cells distinguished SAE club cells from basal, ciliated, and mucin-secreting cells (Table E6 ). In addition to SCGB1A1, there were seven genes uniquely expressed by club cells: C16orf89 (chromosome 16 open reading frame 89; thyroid development), CLDN22 (contributing to barrier function), GNPNAT1 (glucosamine-phosphate N-acetyltransferase 1; glycan biosynthesis), UBL4A (ubiquitin-like 4A; an endoplasmic reticulum ubiquitin), CCDC68 (coiled-coil domain-containing 68; implicated as a tumor suppressor), EPSTI1 (epithelial stromal interaction 1; extracellular matrix 
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interactions), and OSBPL7 (oxysterolbinding protein-like 7; intracellular lipid receptor; Table E7 ). We further did PCGA of these seven genes on the unsupervised cluster 1 (BC) and cluster 3 (club cells). All these seven genes showed a similar trend to SCGB1A1 ( Figure E7 ), and three (C16orf89, CLDN22, and GNPNAT1) of these seven genes showed a significant correlation with principal component gradient (P , 0.05; Table E3 ).
The Table E8 ). Club cells expressed several transcriptionrelated genes more commonly than the other three major SAE cell types, including FOS, XBP1, ATF4, HEY1 (hes-related family bHLH transcription factor with YRPW motif 1), and FOSB; these genes may play a role in club cell differentiation and/or unique biologic functions (Table E9) .
Analysis of club cell-enriched pathways demonstrated high metabolic activity (oxidative phosphorylation, mitochondrial function, and mTOR [mammalian target of rapamycin] signaling), production of large quantities of secreted proteins (unfolded protein response), contribution to SAE structure (regulation of actin-based motility, epithelial adherens junction signaling, integrin signaling, and actin nucleation), hypoxia sensing, and xenobiotic metabolism (aryl hydrocarbon receptor signaling; Table E10 ). The single-cell transcriptome analysis of SCGB1A1
1 "pure" human club cells demonstrated some heterogeneity ( Figure E8 ), consistent with evidence of club cell heterogeneity in the murine lung (31) (32) (33) (34) (35) .
Analysis of the transcriptome of the pure SCGB1A1 1 club cells markedly added to the concept that human SAE club cells play a role in lung host defense (Tables 1 and E1 ). The club cell transcriptome identified several novel host defenserelated club cell functions, including 1) chemoattractant cytokines (CXCL17, dendritic cells; CXCL1 and CXCL6, neutrophils); 2) complement components (complement component 3, complement regulatory protein, and complement decay accelerating factor); 3) genes with immune-related functions (b 2 -microglobin, polymeric immunoglobin Fc receptor, and toll-like receptors); 4) antibacterial proteins (lysozyme, lipocalin 2, and BPIFB1 [LPLUNC1]); 5) xenobiotic metabolism; 6) antiproteases, including alpha-1 antitrypsin and secretory leukocyte peptidase inhibitor; 7) barrier function; and 8) cell surface mucins.
Surprisingly, the transcriptome analysis suggested a potential role of club cells in the pathogenesis of lung-related human monogenic hereditary disorders ( Table 2) (Tables 3 and E11) .
In addition to the SCGB1A1 Figure E9A ). These cells may be a newly identified SAE cell type, or a cell in transition to "pure" club cells and/or MUC5AC 1 "pure" mucin-producing cells. Consistent with the concept that these cells are a specific cell type, TEM analysis of the brushed SAE identified a unique cell population with mucin-secreting (gobletlike) morphology, club cell-like electrondense granules, and mucin-producing cell characteristic large light staining granules ( Figure E9C) . Finally, transcriptome analysis also identified SCGB1A1 
DNAI1
1 cells (Figure 6 ), suggesting the possibility of an ontologic link between club cells and ciliated cells, as observed in the murine small airways (18) .
Based on the findings that human small airway BC are stem/progenitor cells for club cells, we evaluated the transcriptomic differentiation program from BC to club cells. Using the single-cell transcriptome data and cell type definitions based on expression of specific markers, the analysis identified KRT5
1 only BC, SCGB1A1
1 only club cells, and KRT5 1 SCGB1A1
1 "intermediate cells" (Figures 3 and 6 ). Transcriptome analysis identified 35 genes with significantly higher expression in club cells compared with BC and 19 genes significantly enriched in BC compared with club cells (Figure 7 and Table E12 ). Further Figure 5 . (Continued). analysis of signature genes that characterize cluster 1 and 3 cells (see Table E2 ). 
SCGB1A1
1 club cells (high expression) ( Figure 7C ). Finally, analysis of the transcriptome of KRT5 (Table E13) . Mean expression among the club cells expressing that gene (i.e., mean expression for all 37 club cells/% club cells expressing that gene).
x Defense-related genes previously associated with human club cells (see Table E1 ).
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The epithelium monolayer covering the small airways is comprised of ciliated, mucin-secreting, basal and club cells (2) (3) (4) (5) . In contrast to the murine lung, where club cells function as stem/progenitor cells for the differentiated ciliated and mucinsecreting cells (16) (17) (18) (19) (20) and are known to contribute to lung host defense (15, 20) , the understanding of the biology of club cells in the human SAE is based only on a few morphology-based candidate gene studies, and little is known about the ontogeny of small airway club cells in humans. Taking advantage of the ability to sample club cells from the SAE of healthy nonsmokers by bronchoscopy and brushing, single-cell RNA sequencing of the brushed cells enabled identification of the lineage of human club cells and characterization of the biologic function of these cells.
Club cells have a characteristic apical dome shape, microvilli, dense cytoplasmic granules, extensive endoplasmic reticulum and mitochondria, and uniquely express SCGB1A1 (3, 7-9, 11, 12) . Taking advantage of SCGB1A1 as a club cell-specific marker and KRT5 as a BCspecific marker (4, 7, 21-23), we used single-cell transcriptome analysis to characterize human SAE club cells. In addition to characterizing transcription factors, receptors, transporters, and ion channels that play a role in human club cell function, the single-cell analysis uncovered a markedly expanded role for the human club cells in host defense. In addition to SCGB1A1, which has antiinflammatory properties (9, 11, 12) , club cells express cytokines that attract dendritic cells and neutrophils, a variety of mediators with immune functions, including complement components, the polymeric immunoglobin receptor, and several tolllike receptors, as well as genes encoding proteins with antibacterial function. As in murine club cells (37) , human club cells express genes that function in xenobiotic metabolism. It has been known from immunohistochemical studies that human club cells express the secretory leukocyte peptidase inhibitor (38) , but, surprisingly, transcriptome analysis demonstrated that human club cells also express alpha-1 antitrypsin, the most important antineutrophil elastase inhibitor (39). Human club cells express several genes that function in cell-cell and cell-matrix interactions and express cell surface mucins, suggesting that the club cell plays an important role in SAE barrier function.
Transcriptome analysis demonstrated that club cells express several ion channel genes, including epithelial Na 1 channel, voltage-dependent anion channels, Cl 2 channels, and water channels, suggesting that club cells might actively regulate ionic balance across the epithelium. Analysis of the transcription factors expressed by the club cells identified HES1 (hes family bHLH transcription factor 1), the downstream effector of the notch pathway, as one of the most highly expressed transcription factors (40) . Other transcription factors highly expressed by club cells include XBP1, a canonical transcription factor that participates in endoplasmic reticulum stress (41) , and CREB3L1 (cAMP-responsive elementbinding protein 3-like 1), a transcription factor induced by ER stress that contributes to the unfolded protein response, extracellular matrix production, and antivirus defense (42, 43) . Interestingly, the "pure" club cells, which only express SCGB1A1 and are negative for other major epithelial cell-type markers, have a unique transcriptome expressing C16orf89, CLDN22, GNPNAT1, UBL4A, CCDC68, EPSTI1, and OSBPL7. However, these genes are only expressed in the subset of the "pure" club cells, suggesting the heterogeneity of the club cells. This concept is also supported in the PCGA, where only part of these genes showed a significant correlation.
Human club cells express genes implicated in most of the human lung hereditary disorders. Included among these genes are the causative genes for cystic fibrosis (CFTR) and alpha-1 antitrypsin deficiency (SERPINA1), and other rare, lung-related hereditary disorders. Because the SAE makes up most of the surface area of the human tracheobronchial tree (1), club cells compose 20% of the SAE (5), and the levels of expression of these genes in the club cells are substantial, if there are mutations in these genes, club cells may possibly contribute substantially to the pathogenesis of these disorders. Relative functional study of these genes in club cells remains to be defined in future studies.
Also of interest, the transcriptome data demonstrated that the human club cells express receptors for several respiratory tract viruses, particularly those associated with increased risk for infection in conditions associated with decreased host response. Consistent with the concept that human small airway club cells might be involved in the pathogenesis of acquired human lung disorders, Xu and coworkers (44) used single-cell transcriptome analysis of lung biopsy samples to assess the pathogenesis of idiopathic pulmonary fibrosis, identifying a goblet/club cell population that is altered in this disorder.
Although the ultrastructural features of human and mouse club cells are similar (45) , the localization of club cells in the human and mouse airway epithelium is different. In the murine lung, club cells line all of the conducting airways, including nasal (46) , whereas in humans, club cells are only present in the small airways (5). In the mouse, club cells function as the stem/progenitor cells of ciliated cells (18) and mucin-secreting ("goblet") cells (16, 17, 19) . Also, club cells can dedifferentiate into p63
1 BC in damaged lung parenchyma (47) . In the mouse trachea, club cells are 
KRT5
1 BC, KRT5 (47, 50) . Interestingly, several more "intermediate" cell populations were identified by single-cell RNA-seq (e.g., a subset of SCGB1A1 1 cells are positive for the ciliated cell marker DNAI1), suggesting the possibility that, like in the mouse (18) , human club cells might also differentiate into ciliated cells and vice versa. Furthermore, transcriptome analysis suggests that human club cell might have an ontologic relationship with mucin-secreting cells based on the coexpression of club cell marker SCGB1A1 and mucin-secreting goblet cell marker MUC5AC. Consistent with this analysis, TEM of cells brushed from the human SAE identified a cell with both large, round secretory and electron-dense granules. Because goblet cell hyperplasia is one of the common features for chronic obstructive pulmonary disease and many other lung diseases, in the stress of smoking or other factors, the mucin-secreting-like club cells may serve as a newly identified or the "intermediate" precursor to differentiate to mature disease-related goblet cells. n Author disclosures are available with the text of this article at www.atsjournals.org.
